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SHAPE MEMORY ALLOY AND METHOD FOR 
PRODUCING THE SAME 



BACKGROUND OF THE INVENTION 
i. Field of the Invention 

The present invention relates to a shape 
memory alloy which contains Fe, Mn, and Si as basic 
5 elements and to a method for producing the same. The 
shape memory alloy memorizes the shape before plastic 
working, the strain of which working is imparted at a Md 
point or lower temperature. The memory effect appears 
upon heatxng to an As point or higher. 

10 2. Description of the Related Art 

A number of alloys having shape memory pro- • 
perties, from Ti-Ni alloy and Cu -based alloy to Fe-based 
alloy, have been disclosed (c.f., for example, "Kinzoku", 
February 1983, page 12). The shape memory effect is a 

15 phenomenon accompanying martensitic transformations. 
Therefore, such alloys respond at a high speed to 
external force. Further, the identical phenomenon can 
be utilized repeatedly. Repeated utilization of the 
shape memory effect is convenient in practical appli- 

20 cation of the alloys. 

The first utilization of a shape memory alloy 
was for a joint of hydraulic piping of an airplane. 
Recently, it has been utilized in broader fields, such 
as home appliances, industrial robots, engines, and 

25 medical devices. For these applications, the shape 

memory alloy is required to have a particular range of 
transformation temperatures, the martens ite-trans- 
formation starting temperature Ms, the austenite-trans- 
formation starting temperature As, and the like, harden- 

30 ability, easy manufacture, workability, and corrosion 

resistance. For structural uses, the shape memory alloy 
must have excellent strength, toughness, corrosion- resis- 
tance, and economicalness. 



Ti-Ni alloy is exceedingly superior to other 
alloys in all of these properties, except for easy 
manufacture and economicalness and has already been put 
into practical uses. Nevertheless, Ti-Ni alloy has the 
disadvantage that strict control must be maintained over 
the ranges of composition of the Ti and Ni, thus pre- 
venting mass production. Further, both Ti and Ni are 
expensive. This limits its usetulness. 

Attempts have been made to develop Cu-based 
shape memory alloys, which are inexpensive. These 
copper-based alloys, however, are susceptible to inter- 
granular fractures, and sufter from low tensile strength, 
compression strength, and fatigue strength. 

Provisions of an iron-based shape memory alloy 
with respectively inexpensive alloying elements not only 
would lead to outstanding advantages, such as the easy 
manufacture and economicalness, but also would enable 
improved strength and toughness. These improved pro- 
perties offered by an Fe-based alloy would enable such 
structural uses as the fastening parts of a bolt and 
nutr pipe joints, and tunctional uses comparable to 
those of Ti-Ni alloy. It could thus be used in broader 
fields than Ti-Ni alloy . 

Several ot Fe-Ni alloys and Fe-Mn alloys 
displaying the shape memory effect have been reported up 
to now, but their shape memory e±±ects cannot be said to 
be complete. Also they suiter from drawbacks in the 
range of transformation temperatures and productivity. 

Japcuiese Unexamined Patent Publication (Kokai) 
No. 53-11861 recites an example of the Fe-Mn alloys. 
According to this publication, the shape memory charac- 
teristic is not appreciable at a Mn content exceeding 
J0%, allegedly because the magnetic transformation point 
(e^^ Neel point) is raised due to a high Mn content 
and, hence, th y (face centered cubic structure- 
austenite) - c (closest packing hexagonal structure- 
martensite) transformation at ambient temperature is 
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suppressed. 

SUMMARY OF THE INVENTION 

The present invention proposes to add Si into an 
Fe-based shape memory alloy containing manganese auid 
5 having the merits as described above, thereby lowering 
the Neel point and tacilitating the y-e transformation 
so as to sufficiently improve the shape memory effect. 
The present invention is characterized in that the Fe-Mn 
shape memory alloy consists of, by weight percentage, 

10 from 20% to 40% of Mn and from 3.5% to 8% of Si, the 
balance being Fe and unavoidable impurities. 

The present inventors prepared single crystals of 
Fe-Mn-Si alloys, such as Fe-30% Mn-1% Si, and Fe-27% 
Mn-3% Si, and affirmed that they had virtually 100% of 

15 the shape memory effect in a particular tensile direc- 
tion. That is, the shape memory effect o± single 
crystalline Fe-Mn-Si alloys is sharply dependent upon 
the tensile direction and decreases to 20% or less upon 
variation in the tensile direction. The shape memory 

2 0 effect herein quantitatively speaking is expressed by 

I the restored quauitity ot strain by heating/ the quantity 
of strain imparted at room temperature) x 100%. The 
above single crystals are not only difficult to produce 
but also must be used in a narrow scope of utilization. 

25 Incidentally, the alloy according to the present inven- 
tion is polycrystalline. 

The shape memojry ettect of the Fe-based shape 
memory alloy, the shape memory effect obtained by means' 
of the Y ^1 e transformation, appears to become incomplete 

30 due to the fact that, in the martensitic structure 

induced by the plastic working, not only is the e phase 
present, but also the o' phase is mixed in. Further, 
slip deformation, other than the y-t transformation, 
i.e., any permanent deformation, is induced. It is 

35 therefore necessary to suppress the a* martensite and, 
preferentially induce the y-c transformation. Fe-Mn 
alloy, in which a* martensite is not introduced by 
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plastic working is preferred over Fe-Ni alloy, in which 
the a* xnartensite is. 

BRIEF EXPLANATION OF THE DRAWINGS 

Figure 1 illustrates the shape memory characteristic 
5 of the alloy according to the present invention; 

Fig. 2 is a graph showing the relationship between 
Ms points and alloying contents (Mn and Si) of the alloy 
according to the present invention; 

Fig. 3 illustrates the production steps according 
10 to the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The composition of the alloy according to the 
present invention is now described. 

Mn is an austenite-stabilizing element and intro- 
15 duces the e phase into the Fe-Mn alloy in concen- 
trations exceeding 10%. When the Mn content is 20% or 
less, however, in addition to the transformation, 
a' martensite is introduced, detracting from the shape 
memory effect. At an Mn content exceeding 40%, the Neel 
20 point becomes too high for a satisfactory shape memory 
effect, so high that not even the addition of Si can 
lower it sufficiently. 

Si, as described above, lowers the Neel point in 
contents of 3.5% or more. An Si content exceeding 8%, 
25 however, impairs the workability and formability of the 
alloy. 

The present inventors also propose a shape memory 
alloy characterized by consisting of, in addition to 
from 20% to 40% of Mn and from 3.5% to 8% Si, not more 

30 than 10% of at least one element selected from the group 
consisting of Cr, Ni, and Co, not more than 2% of B!o, 
and/ or not more than 1% of at least one element selected 
from the group consisting of C, Al, and Cu, the balance 
being Fe and unavoidable impurities. This alloy contains 

35 various alloying elements added to the above described 
Fe-Mn-Si alloy and features a further improved shape 
memory effect as well as improved corrosion resistance. 
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heat resistance r and toughness. The discoveries made by 
and knowledges conceived by the present inventors until 
provisions of this alloy are described. 

When the Fe-Mn-Si alloy is caused to transform by 
5 working or deforming it at a temperature, e.g., room 
temperature, lower than the Md temperature, where the 
martensite forms by the working, the mother phase 
transforms into e martensite. Subsequently, upon 
heating above the Af temperature, where the inverse 
10 trans fosnnat ion is completed, the e martensite transforms 
into the original y phase and the shape memory effect 
appears. Desirably, the martensite formed by deformation 
is exclusively the e phase, but slip deformation of the 
mother y phase concurrently occurs. The slip deformation 
15 of the Y phase results in a strain which is not capable 
of restoration by heating and appears to be a factor 
preventing 100% shape restoration. In addition, the 
corrosion resistance, heat-resistance, and toughness of 
the Fe-Mn-Si alloy are to be improved for practical 
20 utilization. 

In order to further improve the shape memory ef tect 
of the Fe-Mn-Si based alloy, the stress at which the 
Y-e transformation occurs should be low relative to the 
stress at which the slip deformation of the y phase 
25 occurs. The y and e phases both have the closest 

packing structure. They differ structurally tromone 
another in stacking. It is therefore believed that the 
Y-e transformation tends to occur by lowering the 
stacking fault energy. The stacking fault energy is 
30 greatly influenced by alloying additive elements. 

As is known, the stacking fault energy of y Fe-alloys is 
decreased by adding Cr, Mo, Co and C. The present 
inventors added one or more of these- elements into the 
Fe-Mn-Si based alloy and discovered a further improvement 
35 ot the shape memory effect. The present inventors also 
learned that a small amount of Cu improves the corrosion 
resistance without impairing the shape memory effect and 
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further Ni improves the toughness without impairing the 
shape memory effect* 

The additive alloying elements contained in the 
alloy of the present invention are now described. 
5 Cr facilitates the y-z transformation and enhances 

the shape memory characteristic. Cr is also usetul for 
improving the corrosion resistance. Cr in a content 
exceeding 10%, however, forms with Si an intermetallic 
compound having a low melting point, so that melting of 
10 the alloy becomes difficult. 

Ni improves the toughness without impairing the 
shape memory characteristic. An Ni content exceeding 
10%, however, impairs the hot-workability. 

Co improves the shape memory characterxstic and hot- 
15 workability. A Co content exceeding 10% is meaningless 
as no outstanding advantages commensurate with such a 
larger content are obtained. 

Mo improves the shape memory characteristic and 
heat-resistance. An Mo content exceeding 2%, however, 
20 impairs the how-workability and rather impairs the shape 
memory characteristic. 

C enhances the shape memory characteristic. A C 
content exceeding 1%, however, greatly impairs the 
toughness. 

25 Al acts as a deoxidizing agent and improves the 

shape memory effect. Its effect saturates at cm Al 
content of 1%. 

Cu improves the corrosion resistance without 
impairing the shape memory characteristic at a C content 
30 up to 1%. 

A method for producing the alloy according to the 
present invention is now described. 

The raw materials are charged into a converter, an 
electric furnace, a high-frequency induction furnace or 
35 any other steelmaking furnace tor melting. After 

adjusting the composition, the obtained melt is succes- • 
sively subjected to casting, rolling or any other 
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shaping step to obtain the objective shape. The alloy 
according to the present invention exhibits an improved 
shape memory characteristic under the as-rolled state 
and does not vary even when the alloy according to the 
present invention is normalized {c.f. Fig, 1) • Figure 1 
shows the shape of sheet material. The shape (b) is 
memorized. 

When the Mn and Si contents are appropriately 
adjusted in the claimed range, the transformation 
temperatures, such as the Ms^^^ point, Md^"*"^ point, 
and As^'*'^ point, can be easily controlled. The Ms^ ^ 
point ranges from less than -196**C to 150^0, the Md^*^ 
point from -50**C to 250^*0, and the As^"*"^ point from 50 
to 350 *C, according to the Mn and Si contents. As shown 
by Fig. 2, by controlling the Mn and Si contents, espe- 
cially the content of Si, which is the f errite-f ormer, 
deformation in the vicinity of room temperature followed 
by heating upto a relatively low As point or higher 
enables excellent restoration to the memorized shape. 

The field of application of the alloy according to 
the present invention can be broadened by providing it 
in the form of thin sheet or a wire. The thickness of 
the sheet and the diameter of the wire are restricted by 
the cold-workability, which is inferior to hot-work- 
ability. The Fe-Mn-Si alloy known from the "Summary of 
General Lecture in Autumn Congress of Japan Institute 
for Metal," October, 1984, page 550, is difficult to 
work in that, upon working the alloy at room temperature, 
cracking occurs at a certain amount of working or more, 
so working heavier than this amount becomes difficult. 
This appears to be due to the fact that working the 
c phase is introduced together with dislocations into 
the mother phase. 

The present inventors considered that: the e-phase 
formation due to working at room temperature is attri- 
butable to the higher Md point (the occurrence tem- 
perature of the deformation-induced y-e transformation) 
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than the room temperature; and, hence, an easy working 
without incurrence of cracks can be attained by working 
the alloy at a temperature higher than the Md point. 
This consideration was affirmed by the present inventors 
5 themselves who heated the Pe-Mn-Si alloy to a ten5)erature 
higher than the Md point and then worked it by rolling 
and wire-drawing. The obtained thin sheets and wires 
had good surface characteristics. The shape memory 
. ettect of the products at the worked (as rolled or as 

10 wire-drawn) state deteriorated, but it could again be 
restored to an excellent conditions by heating the 
products to a temperature of 400^C or more and holding 
at this temperature for a predetermined time. 

Based on the considerations aaid results described 

15 above, the present inventors also propose a method tor 
working the shape memory alloy, wherein the hot-rolled 
Fe-Mn-Si alloy mentioned above, which may additionally 
contain 10% or less of at least one element selected 
trom the group consisting of Cr, Ni, and Co, not more 

20 than 2% of Mo, and/or not more than 1% of at least one 
member selected trom the group consisting of C, Al, 
and Cu, characterized in that the alloy is worked at a 
temperature of the Md point or higher to suppress 
formation of the e phase and to tacilitate production ot 

25 a sheet or a wire, and is, subsequently annealed at a 
temperature of the At point or higher to restore the 
shape memory ability. The working carried out after 
hot-rolling may be the warm-rolling or the warm wire- 
drawing. During this working, the formation of e phase 

30 is suppressed because of the reasons described above. 
The annealing time at the temperature ot the Af point 
(finishing temperature of the e-^y transformation) may 
be, for example, 5 minutes or more. During this 
annealig, the shape memory characteristics, which may be 

35 impaired due to the working at the temperature of the Md 
point or higher, are restored. 

The present inventors also provide a method for 
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attaining virtually 100% of the shape memory effect for 
the Fe-Mn-Sx alloy. Discoveries and knowledge, which 
the present inventors obtained before the provision of 
this method, are now described. In an Fe-Mn-Si based 
5 shape memory alloy, the y^z transformatxon is induced by 
deformation. Heating of the e phase material to a 
temperature higher than the finishing temperature ot the 
t-^y transformation xs conducted, thereby realizing the 
Y-^e-^Y cycle which generates the shape memory effect. 
10 The e phases of the e martensite, which are induced by 
stress and which have a particular orientation, con- 
tribute to generating the shape memory effect. In this 
regard, if the Ms^"*^^ point is higher than room tempera- 
ture, e phases are already formed prior to deformation. 
15 They are not deformation induced. Such e phases do not 
necessarily revert to the state of the orxgxnal mother 
phase after the inverse e-^Y transformation, since whxch 
e phases are not formed by deformation. The e phases 
formed prior to deformation are therefore detrimental to 
20 the shape memory effect. The Ms point of the alloy 

according to the present invention can be lowered to a 
temperature less than room temperature by means of 
adjusting the Mn and Si contents as well as the content 
of additive alloying elements such as Cr and Mo. Thus, 
25 the alloy according to the present invention can have an 
Ms point lower than room temperature. Such an alloy 
which also can have an excellent shape memory effect of 
approximately 75%, contains appreciable amount of 
e -martensite mixed in with the y phase at a room temper a- 
30 ture higher than the Ms point. This appears to be 

because an alloy having an excellent shape memory effect 
is susceptible to y***^ transformation deformation on 
cooling. The e phase mixes in even due to thermal 
stress at the Md point or lower. The e phase formed in 
35 the course of cooling appears to be detrimental to the 

shape memory effect, which therefore, can be enhanced by 
lessening the quantity of the phase. As is well known. 
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martensite formation is largely dependent upon not only 
the alloy composition but also the alloy structure and 
the grain size as well as the cooling speed. Accord- 
ingly, the present inventors considered that, in also the 
alloy to which the present invention pertains, mixing of 
e mer ten site foanaed during cooling can be prevented to 
so extent by means of appropriately controlling the heat 
treatment and cooling. The present inventors performed 
experiments with varying heat treatment and cooling con- 
ditions and discovered the method for lessening the 
quantity of e phase at room temperature. This method is 
characterized, for a 26- 34%Mn and 4-7%Si composition, 
by: (1) cooling, after hot-rolling, at a rate of 20*^0/ 
minute or lessi (2) during cooling after hot-rolling, 
holding at a temperature of the Md point or higher and 
800 «»C or lower for a time period of 5 minutes or longer 
and further cooling; or, (3) subsequent to the cooling 
after hot-rolling, reheating to a temperature of the Af 
point or higher and 800**C or lower and, after annealing 
to this temperature, cooling down to room temperature. 
Any one of these three cooling or heat treating methods 
further improves the shape memory characteristics. 

The above described Fe-Mn-Si alloy is Fe-based or 
its major conponent is Fe. Its production cost is 
therefore extremely inexpensive compared with Ti-Ni 
alloys and Cu-base alloys. The strength and toughness 
of the Fe-Mn-Si alloy are excellent. These properties 
plus the lower production cost open up wider fields of 
applications for shape memory alloys as compared with 
the conventional Ti-Ni and Cu alloys. The Fe-Mn-Si 
based alloy with an alloying additive of Cr, Ni, Co, C, 
Al, and/ or Cu has an improved shape memory charac- 
teristics, corrosion resistance, and hot-workability. 

The present invention is explained with reference 
to the examples. 

Example 1 

Alloys having the compositions as shown in Table 1 
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were melted by using a high-frequency, induction-heated, 
air-melting furnace and a vacuum-melting furnace. The 
alloys were cast into ingots. All of the ingots were 
held at a temperature of from 1250^C to 1050**C for 
1 hour and then rolled into sheets 13 mm in width. The 
sheets were cut into sheet specimens 0.5mmxl.5mmx 
20 mm in size. Bending deformation by 90* was imparted 
to them at room temperature. Subsequently, the bent 
sheet specimens were heated to above the As point. The 
shape memory effect was measured based on the shape 
recovered atter heating and is given in Table 1. 

In order to evaluate the hot-workability, hot- 
rolling was carried out after heating at 1200*0 for 
1 hour. The rolled slabs 13 mm in thickness were 
evalutated based on three criteria of the surface 
characteristics: no problem at all (0); slight defects 
lA) ; and cracks and the like (x) . 

As apparent from Table 1, the alloys according to 
the present invention are excellent in both the shape 
memory eftect (SME) and hot-workability. 
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Table 1 



Components ^ g. Pormability 



Invention 20 3.5 bal o o 

32 6 bal (§> o 

40 8 bal o A 

Comparative 21.4 1.8 bal x o 

35.6 3.1 bal x o 

27.3 0.9 bal x o 

40 10 bal - X 

30 - bai X o 

20 1.6 bal X o 

20 11 bai - X 



SME (Shape Memory Effect) 
@ >75% 
o 25 -v. 75% 
X <25% 
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Example 2 

Alloys having the compositions as shown in Table 2 
were melted by using a high-frequency, mduc t ion-heat ed , 
air-melting furnace. The alloys were cast into ingots. 
All of the ingots were held at a temperature of the from 
1250°C to 1050*^0 for 1 hour and then rolled into sheets 
13 mm in width. The sheets were cut into sheet specimens 
O.Smmx 1,5 mmx 20 mm in size. Bending deformation by 
45*' was imparted to them at room temperature. Subse- 
quently, the bent sheet specimens were heated to above 
the Af point. The shape memory effect was measured 
based on the shape recovered after heating and is given 
in Table 2. The hot-workability was evaluated in the 
same manner as in Example 1. For the test of corrosion 
resistcuice, specimens 2 mm x 100 mm x 100 mm in size 
were prepared and were exposed to the atmosphere for one 
year. The corrosion resistance is expressed by the 
symbols of A, o and @ for the relative corrosion " 
amounts of 50-150, 20-50, and 20 or less with the 
premise that the corrosion amount of Fe-30%Mn-6%Si 
is 100. 

As apparent from Table 2, the alloys according to 
the present invention are excellent in both the shape 
memory eftect (SME) and hot-workability. Excellent 
corrosion resistance can be imparted to the alloy of 
present invention, i± necessary. 
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Example 3 

Table 3 shows the composition, the rolling tem- 
perature, the annealing temperature, the shape memory 
effect, and the surface properties of still other 
specimens. The production and testing method in the 
present example are the same as in Example 1 except that 
the rolled sheets were then annealed and the specimens 
were 0.4mmx2mmx30imnin size and were heated to 
400«C after bending. 

As is apparent from Table 3, the alloys according 
to the present invention are excellent in both the shape 
memory effect (SME) and the surface property. 
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Example 4 

Table 4 shows the composition, the production 
method, the quantity of e phase, and the shape memory 
effect of still further specimens. The testing method 
5 in the present example is the same as in Example 3. The 
e phase was quantitatively analyzed by the X-ray diffrac- 
tion method. 

As is apparent frcm Table 4, the shape memory 
effect is improved with a decrease in the quantity of 
10 e phase. 



- 18 - 



01 76272 




- 19 



0176272 



CLAIMS 

1. An Pe-based shape-memory alloy, cftaracterized 
in that it consists ot, by weight-percentage, trom 20% 
to 40% of Mn, from 3.5% to 8% of Si, and Fe and unavoid- 
able impurities. 

2. An Pe-based shape-memory alloy according to 
claim 1, characterized in that it further contains not 
more than 10% of one or more of Cr, Ni, and Co, not more 
than 2% ot Mo, and or not more than 1% of one or more of 
C, Al, and Cu. 

3. An Pe-based shape memory alloy according to 
claim 1 or 2, characterized in that it is hot-rolled to 
impart a predetermined shape, particularly a sheet or a 
wire, and the structure under a plastically unworked 
state IS not less than 85% of y phase and not more than 
15% of e phase at room temperature. 

4. An Pe-based shape memory alloy according to 
claim 3, wherein the shape ii predetermined by further 
subjecting the alloy to warm working at a temperature of 
Md point or higher. 

5. .A method for producing a shape memory alloy, 
characterized by hot-rolling an alloy which consists of, 
by weight-percentage, from 20% to 40% of Mn, from 3.5% 
to 8% ot Si, and Pe and unavoidable inpurities. 

6. A method according to claim 5, wherein the 
alloy further contains not more than 10% of one or more 
of Cr, Ni, and Co, not more than 2% of Mo, and or not 
more than 1% of one of more ot C, Al, and Cu. 

7. A method according to claim 5 or 6, charac- 
terized by, subsequent to the hot-rolling, subjecting 
the alloy to warm rolling or wire-drawing at a temper- 
ature of an Af point or higher. 

8. A method according to claim 5 or 6, wherein 
the Mn content is from 26% to 34% and the Si content is 
from 4% to 7%, characterized by, subsequent to the 
hot-rolling, cooling at a rate of 20**C/minute or less. 
(Fig. 3 ®). 
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9. A method according to claim 5 or 6, wherein 
the Mn content Is from 26% to 34% and the Si content is 
from 4% to 7%, characterized by, subsequent to the 
hot-rolling, holding, in the course of cooling, at a 
5 temperature range not lower than an Ms point and not 
higher than SOO^C for a time period of 5 minutes or 



10. A method according to claim 5 or 6, wherein 
the Mn content is from 26% to 34% and the Si content 
10 from 4% to 7%, characterized by, s\ibsequent to the 
hot-rolling and cooling, reheating to a temperat\ire 
range not lower than aii Af point and not higher than 
800 ^'C and annealing in said temperature range, followed . 
by cooling (Fig. 3 0). 
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